Ni catalysts supported on α-Al 2 O 3 modified with small amounts of Pd were prepared by different impregnation methods to investigate catalytic performance and catalyst bed temperature profile in oxidative steam reforming of methane. The Pd+Ni bimetallic catalysts prepared by the co-impregnation method showed higher resistance to hot-spot formation than monometallic Ni and bimetallic Pd/Ni catalysts prepared by two sequential impregnations, in particular, Pt+Ni catalysts prepared by the co-impregnation method. The additive effect of Pd on the Pd/Ni catalysts was discussed on the bases of metal particle size and structural analysis by Pd K-edge extended X-ray absorption fine structure.
Introduction
Oxidative steam reforming of methane is a promising method for an energy-efficient syngas production from natural gas [1] . Oxidative steam reforming of methane is the combination of methane steam reforming (Eq. (1)) with methane combustion (Eq. (2)); the partial pressure of the reactants is adjustable to autothermal conditions. However, oxidative steam reforming of methane has a problem of hot-spot formation at the catalyst bed inlet, which is a common problem in the reforming of hydrocarbons using oxygen. Noble metal catalysts such as Rh and Pt have been reported to be effective for the suppression of hot-spot formation [2, 3] . In contrast, Ni catalysts usually tend to form hot spots at the catalyst bed inlet in the presence of gas-phase oxygen [4] [5] [6] . Considering the high cost and limited availability of noble metals, the main component should be nickel. Therefore, our group has been developing Ni-based catalysts modified with a small amount of noble metal for oxidative reforming of methane with high resistance to hot-spot formation [7] [8] [9] [10] [11] [12] . Here, one strategy is the combination of high reducibility of noble metals with high reforming activity of Ni. The Pt-Ni and Pd-Ni bimetallic catalysts supported on γ-Al 2 O 3 were investigated and the relation between the structure of bimetallic particles and the resistance to hot-spot formation in oxidative reforming of methane has been reported [7] [8] [9] [10] [11] [12] . Here, we tested the bimetallic catalysts supported on α-Al 2 O 3 with larger Ni loading amount, which will be more applicable to a practical process. In particular, the effect of preparation methods on catalytic performance and the temperature profile of the catalyst bed in oxidative steam reforming of methane over Pd-Ni and Pt-Ni bimetallic catalysts were investigated. In addition, catalysts were characterized by the measurement of H 2 adsorption amount, temperature-programmed reduction (TPR), transmission electron microscopy (TEM), and extended X-ray absorption fine structure (EXAFS). The relation between the structure of bimetallic particles and the catalytic performance in oxidative steam reforming of methane is also discussed.
Experimental Section

Catalyst preparation
An alumina support was prepared by the calcination of JRC-ALO-1 (provided by Catalysis Society of Japan, S BET =143 m 2 ·g -1 , grain size of 2-3 mm) in air at 1423 K for 3 h. After the calcination, the microstructure was changed from γ-Al 2 O 3 to α-Al 2 O 3 , which was confirmed by X-ray diffraction. The surface area of the calcined alumina was determined to be 8 m 2 /g. It was crushed and sieved to particle sizes between 180-250 μm before impregnation. Supported monometallic Ni catalysts were prepared by an impregnation method using an aqueous solution of The notation of the catalysts is specified in Table 1 .
Activity test and thermographical observation
Oxidative steam reforming of methane was conducted under atmospheric pressure in a fixed-bed quartz reactor (i.d. 3 mmφ, o.d. 5 mmφ). The temperature profile of the catalyst bed was measured using infrared thermograph equipment (TH31; NEC San-ei Instruments Ltd.) in the same method as previously reported [11] . The catalyst (0.045 g) was reduced in the hydrogen flow (30 ml·min -1 , 100% H 2 ) at 1123 K for 0.5 h in the reactor. After reduction, the feed gases (the mixture of CH 4 , O 2 , steam and Ar) were introduced to the catalyst bed at various contact times W/F (W(g) = catalyst weight, F(mol·h -1 ) = total flow rate of gases). Gases such as CH 4 , O 2 , H 2 and Ar used here were research grade; they were obtained from Takachiho Trading Co. Ltd. The gases were used without further purification. Steam was obtained by vaporizing distilled water that was supplied using a feeding pump (MT2111, Moleh Ltd.). The partial pressure ratio of the feeding gases is CH 4 /H 2 O/O 2 /Ar = 40/30/20/10. An iced water trap was located at the reactor exit to remove the steam contained in the effluent gas. The gas was collected from the sampling port using a micro-syringe. Then it was analyzed using a gas chromatograph (GC-14A; Shimadzu Corp.)
equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD).
Concentrations of CO, CO 2 and CH 4 in the effluent gas were determined using an FID-GC equipped with a methanator and a stainless steel column packed with Gaskuropack 54 (GL Science). The H 2 concentration was determined using TCD-GC with a stainless steel column packed with a molecular sieve 13X. Methane conversion and CO selectivity in oxidative steam reforming of methane were calculated as described below: where C is the concentration of each gas in the effluent gas. The amount of deposited coke during the reaction was able to be neglected in all the cases presented here, although coke deposition has often been observed in methane reforming [14] [15] [16] .
Catalyst characterization
The fresh catalysts were characterized by a chemisorption experiment, which was carried out in a high-vacuum system by volumetric methods (dead volume: 65 cm 3 ). Prior to the adsorption measurement, the catalysts were reduced in flowing H 2 at 1123 K for 0.5 h in the fixed-bed reactor, which was used in the activity test. The pre-treated catalyst was transferred to the measurement cell in air, and the cell was connected to the vacuum line. The H 2 reduction at 773 K for 0.5 h and evacuation at 723 K for 1 h were carried out. After the pretreatments, the adsorption amount of H 2 was measured at room temperature; the equilibrium pressure was about 2.7 kPa. Temperature programmed reduction (TPR) profiles were measured in a fixed bed quartz reactor. Each time, 0.03 g of sample was loaded into the quartz reactor and heated with a heating rate of 10 K·min -1 , from room temperature to 1123 K in 5% hydrogen diluted in argon (30 ml·min -1 ) as a reducing gas. Water that formed during the reduction was removed using a cold trap with frozen acetone (ca. 173 K). The TPR profile was monitored continuously with an on-line TCD-GC. The H 2 consumption was estimated from the integrated peak area in the reduction profiles. Transmission electron microscope (TEM) images were taken by means of JEM-2010F (JEOL) equipment operated at 200 kV. First, the catalysts were reduced by H 2 pretreatment at 1123 K for 0.5 h in a fixed bed reactor. After this reduction, samples were stored under N 2 until the measurements. Samples were dispersed in 2-propanol using supersonic waves. They were put on Cu grids for TEM observation under air atmosphere. The average particle size of metal particles is calculated using the equation below [17] : , where n i is the number of the particles and d i is the characteristic diameter of the particles.
The Pd K-edge and Pt L 3 -edge extended X-ray absorption fine structure (EXAFS) were measured at the BL01B1 station in the SPring-8 with the approval of the Japan Synchrotron Radiation Research Institute (JASRI) (Proposal No. 2006A1058). The storage ring was operated at 8 GeV. A Si(111) single crystal was used to obtain a monochromatic X-ray beam. Two ion chambers filled with 50% Ar + 50% N 2 and 75% Ar + 25% Kr were used as detectors of I 0 and I, respectively. The sample weight was 0.55 g and 0.04 g for Pd K-edge and Pt L 3 -edge EXAFS, respectively. The catalysts were treated by H 2 at 1123 K for 0.5 h in a fixed-bed reactor and the samples were pressed into self-supporting 7-mm-diameter wafers under atmosphere, followed by the treatment again with H 2 at 773 K for 0.5 h in the cell. After this pretreatment, each sample was transferred to the measurement cell using a glove box filled with nitrogen to prevent exposure of the sample disk to air. The thickness of the sample disk was about 6 mm and 0.5 mm to give 0.10 and 0.06 edge jump 4 5 for the Pd K-edge and Pt L 3 -edge EXAFS, respectively. EXAFS data were collected in a transmission mode at room temperature. For EXAFS analyses, the oscillation was first extracted from EXAFS data using a spline smoothing method [18] . The oscillation was normalized by the edge height around 50 eV. The Fourier transformation of the k 3 -weighted EXAFS oscillation from k space to r space was performed to obtain a radial distribution function. The inversely Fourier filtered data were analyzed using a usual curve fitting method [19, 20] . The Fourier transform and Fourier filtering ranges are shown for each result. For the curve fitting analysis, the empirical phase shift and amplitude functions for the Pd-Pd and Pt-Pt bonds were extracted respectively from Pd and Pt foils. Theoretical functions for the Pd-Ni and Pt-Ni bonds were calculated using the FEFF8.2 program [21] . Analyses of EXAFS data were performed using the "REX2000" program (Version: 2.3.3; Rigaku Corp.).
Results and Discussion
Catalytic performance and catalyst bed temperature profile in oxidative steam reforming of methane
The catalytic performance in terms of the methane conversion, H 2 /CO ratio and CO selectivity over Ni(N, 10.6) and Pd(C, 0.07) are listed in Table 2 , entries 1 and 2. Methane conversion over Ni(N, 10.6) was as high as that at the reaction equilibrium even at low W/F values such as 0.04 gh/mol. In contrast, Pd(C, 0.07) gave much lower methane conversion even when W/F was higher. This result is related to the small loading amount of Pd and the low catalytic activity of Pd in oxidative steam reforming [3] . Figures 1 (A) and (B) show the effect of W/F on the catalyst bed temperature profile over Ni (N, 10.6) and Pd(C, 0.07), respectively. The exothermic profile near the catalyst bed inlet was observed and the temperature increased with decreasing W/F on both catalysts. The temperature on Ni(N, 10.6) reached about 1350 K at W/F = 0.04 gh/mol ( Table 2 , entry 1). This behavior can be explained by separation of the reaction zones for combustion and reforming in oxidative steam reforming of methane, as reported previously [10] . In the presence of gas-phase oxygen near the catalyst bed inlet, the Ni species is oxidized and is active only for methane combustion, which increased the catalyst bed temperature drastically. On the other hand, in the absence of gas-phase oxygen, the Ni species is maintained in a metallic state and is active for methane reforming, which decreased the catalyst bed temperature remarkably. The separation of the reaction zones causes the large temperature gradient in the catalyst bed. In the case of Pd(C, 0.07), the large temperature gradient can be explained by high combustion activity and low reforming activity. As a result, we can conclude that the monometallic Ni and Pd catalysts are not suitable for the oxidative steam reforming of methane because of hot-spot formation. The catalytic performance and temperature profile of Pd(C, 0.07)+Ni(N, 10.6) are also shown in Table 2 , entry 3, and in Figure  1 (C). Pd(C, 0.07)+Ni(N, 10.6) showed high methane conversion like Ni(N, 10.6) and gave a much flatter temperature profile than Pd(C, 0.07) and Ni(N, 10.6). This result indicates that the synergy between Pd and Ni decreases the bed temperature and suppresses the hot-spot formation. According to our previous reports, the catalytic performance and bed temperature profile on bimetallic catalysts in oxidative steam reforming of methane are strongly influenced by the structure of 6 bimetallic particles and by the preparation method [7] [8] [9] [10] [11] [12] . Therefore, catalysts prepared by different methods were evaluated in oxidative steam reforming of methane. Table 2 lists the catalytic performance in oxidative steam reforming of methane over various Pd-Ni bimetallic catalysts. In the case of 0.07 wt% Pd-10.6 wt% Ni(N) bimetallic catalysts, all these catalysts gave high methane conversion; however, the order of the highest bed temperature was as follows: Pd(A, 0.07)/Ni(N, 10.6) > Pd(C, 0.07)/Ni(N, 10.6) > Pd(C, 0.07)+Ni(N, 10.6) ( Table 2 , entries 3-5). A similar tendency was observed over 0.2 wt% Pd-10.6 wt% Ni(N) bimetallic catalysts ( Table 2 , entries 6-8).
In particular, from a comparison between Pd(C, 0.07)+Ni(N, 10.6) and Pd(C, 0.2)+Ni(N, 10.6) ( Table 2 , entries 3 and 6), it is found that excess Pd can enhance the highest bed temperature, probably due to the high combustion activity of Pd.
As reported previously, the addition of Pt was effective to the suppression of hot-spot formation [3] . Therefore, we also investigated the performance of bimetallic Pt-Ni and monometallic Pt catalysts ( Table 2 , entries 9-12). Here, the molar loading amounts of 0.14 wt% and 0.4 wt% Pt correspond to those of 0.07 wt% and 0.2 wt% Pd. In the case of Pt-Ni bimetallic catalysts, the co-impregnation method was also effective. Another interesting point is that Pd is a more effective additive than Pt at the same molar amount, although the monometallic Pt catalyst was much more effective than the monometallic Pd catalyst ( Table 2 , entries 2 and 9). This indicates that the additive effect of noble metals on the co-impregnation bimetallic catalysts cannot be caused by their own reforming activity. Figure 2 shows the reaction time dependence in oxidative steam reforming of methane over Pd(C, 0.07)+Ni(N, 10.6), and it is found that the catalytic performance was stable during 8 h.
Catalyst characterization
The amount of H 2 adsorption and the particle size calculated on the basis of the H 2 adsorption data are also listed in Table 1 . Figure 3 shows the TEM images of the catalysts after H 2 reduction. The obtained average particle sizes of reduced catalysts by TEM observation are also listed in Table  1 . The particle size determined by TEM agreed well with that based on H 2 adsorption data. The average metal particle size is strongly influenced by the preparation method. It was clear that the catalysts prepared by the co-impregnation method gave higher metal dispersion than the catalysts prepared by two sequential impregnation methods or the monometallic Ni catalyst. In contrast, the catalysts prepared by the sequential impregnation using PdCl 2 and Pd(acac) 2 gave larger average particle sizes than the monometallic Ni catalyst.
Here, the relation between the highest bed temperature in oxidative steam reforming of methane and the average particle size is shown in Figure 4 . In particular, in order to evaluate the particle size of monometallic Ni catalysts, we prepared and tested the Ni catalysts with different precursors, because it has been reported that different precursors brought about different metal dispersion values [22] . The data of Ni(Ac, 10.6) and Ni(C, 10.6) are listed in Tables 1 and 2 , entries 14 and 15. The highest bed temperature is clearly influenced by the particle size. In the case of monometallic Ni catalysts, the temperature increased with increasing average particle size monotonously. This tendency was observed on almost all the bimetallic catalysts. The addition of Pd is totally effective to create the decrease of the highest bed temperature. The preparation method and the precursor which gave smaller particle size were more effective in the suppression of hot-spot formation. In the case of the Pd-Ni bimetallic catalysts, it is characteristic that the larger amount of Pd addition increased the particle size and the highest bed temperature. In contrast, the co-impregnation Pt-Ni catalysts showed different tendencies from the case of Pd. The Pt(C, 0.2)+Ni(N, 10.6) gave higher bed temperature than Pt(C, 0.07)+Ni(N, 10.6), and this is related to smaller particle size of Pt(C, 0.2)+Ni(N, 10.6) than that of Pt(C, 0.07)+Ni(N, 10.6). Unlike the case of Pd, it is characteristic that large amount of Pt addition decreased particle size and the highest bed temperature. In addition, here, the relation between the highest bed temperature and the average particle size of fresh catalysts was described. The observed good relation suggests that the particle size can be unchanged during the reaction, which is also supported by the stability of catalytic performance in the activity test for longer reaction time, as shown in Figure 2 . agreement means that all the Ni species are present in the oxidized state and they are reduced to Ni metal. In the case of Pd(C, 0.2)+Ni(N, 10.6), the H 2 consumption peak was shifted to lower temperature and the addition of Pd promoted the reduction of the Ni species. On Pt(C, 0.4)+Ni(N, 10.6), the peak was shifted to much lower temperature. The addition of Pt also promoted the reduction, an the promoting effect of Pt was more remarkable than that of Pd. This behavior is caused by hydrogen spilt-over from noble metals to Ni species [23, 24] . On the other hand, in case of Pd(C, 0.2)/Ni(N, 10.6) and its reference catalyst (Ni(N, 10.6)-calcined at 773 K after the reduction at 1123 K), the total amount of H 2 consumption was 82-86 %. This indicates that a part of the Ni species are present in a metallic state after the calcination at 773 K. This tendency was more remarkable on Pd(A, 0.2)/Ni(N, 10.6) and its reference catalyst (Ni(N, 10.6)-calcined at 573 K after the reduction at 1123 K). In all the cases, addition of Pd to the Ni catalysts promotes the reduction of Ni species. However, the reducibility of the catalyst is not directly related to the suppression of hot-spot formation. Therefore, the local structure from the viewpoint of the additives was compared by the EXAFS analysis. Table 4 . Both Pd-Ni and Pd-Pd bonds are demanded for good curve fitting results. The length of the Pd-Pd bond of the catalysts is a little shorter than that in Pd foil, and the lengths of the Pd-Pd and Pd-Ni bonds agreed well with those in the previous reports [11, 12, [25] [26] [27] [28] [29] . The agreement suggests the formation of Pd-Ni alloy with high Ni content. The Pd atoms can partially substitute Ni atoms in Ni metal crystallite. In addition, when Pd and Ni are well mixed in the alloy phase, the CN ratio of the Pd-Pd to Pd-Ni bonds must be close to its composition (molar ratio of Pd to Ni on Pd(C, 0.2)+Ni(N, 10.6) = 0.01). However, the obtained CN ratio of the Pd-Pd to Pd-Ni bonds was much higher than the composition. Therefore, it is thought that Pd can be segregated in the alloy. Furthermore, another important point is that the sum of the CNs of the Pd-Pd and Pd-Ni bonds on Pd(C, 0.2)+Ni(N, 10.6), Pd(C, 0.2)/Ni(N, 10.6) and Pd(A, 0.2)/Ni(N, 10.6) were 9.1, 9.6 and 10.5, respectively. These values are smaller than the CN of the bulk Pd atom in Pd foil, and we interpreted the smaller CN values as due to the Pd atoms near the surface. The results suggest that the order of the ratio of the surface Pd atoms is as follows: Pd(C, 0.2)+Ni(N, 10.6) > Pd(C, 0.2)/Ni(N, 10.6) > Pd(A, 0.2)/Ni(N, 10.6). This tendency can be connected to the average metal particle size as listed in Table 1 . The catalysts with larger metal particles gave higher coordination numbers of the Pd-Pd and Pd-Ni bonds. The particle sizes on Pd(A, 0.2)/Ni(N, 10.6) and Pd(C, 0.2)/Ni(N, 10.6) were larger than that on Ni(N, 10.6). Although the details are not shown here, the metal particles were not so aggregated by the same preparation procedure when Pd was not added. Therefore, it is thought that the aggregation is not due to the preparation procedure for the sequential impregnation, but due to the presence of Pd. As reported previously, the noble metal atoms such as Pd and Pt introduced by the sequential impregnation method tend to be present near the surface on Ni metal particles [10, 11] . In these reported cases, the aggregation induced by noble metal addition was not so significant, probably because the support was γ-Al 2 O 3 and the metal particle size was much smaller. In contrast, in the present case, α-Al 2 O 3 was used as a support and the metal particle size was large; here the concentration of Pd on the surface during the reduction can be relatively high, and too high surface Pd concentration over bimetallic particles can cause the aggregation of metal particles. In addition, the surface Pd atoms before the aggregation can be incorporated into the bulk of aggregated metal particles.
In contrast, the Pd(C, 0.07)+Ni(N, 10.6) and Pd(C, 0.2)+Ni(N, 10.6) catalysts prepared by co-impregnation method had smaller metal particles than the monometallic Ni(N, 10.6). Since the noble metal atoms introduced by the co-impregnation are not preferentially located on the surface of the particles, the surface concentration of noble metal atoms cannot be so high. This is why the addition of Pd by the co-impregnation method did not cause the aggregation of metal particles. However, the mechanism of the promoting effect of the Pd addition on higher dispersion is not elucidated and further investigations are necessary.
Another important point is that Pd(C, 0.2)+Ni(N, 10.6) was more effective than Pt(C, 0.4)+Ni(N, 10.6). Considering that the metal particle size of Pd(C, 0.2)+Ni(N, 10.6) was larger than that of Pt(C, 0.4)+Ni(N, 10.6), we conclude that Pd is a more effective additive than Pt. Based on the Pt L 3 -edge EXAFS (Table 3) , the bond lengths of Pt-Pt and Pt-Ni were much shorter than that of the intermetallic compound between Pt and Ni (NiPt and Ni 3 Pt) [30] . This indicates that the intermetallic compounds are not formed, but Pt-Ni alloy phase is formed. This behavior is supported by previous reports [9, [31] [32] [33] . The coordination number of the Pt-Ni bond was much larger than that of the Pt-Pt bond on Pt(C, 0.4)+Ni(N, 10.6). This suggests that Pt atoms are incorporated to Ni metal crystallite in more isolated locations. On the other hand, the coordination number of the Pd-Ni bond was smaller than that of the Pd-Pd bond on Pd(C, 0.2)+Ni(N, 10.6), which is opposite to the case of Pt(C, 0.4)+Ni(N, 10.6). The higher coordination number of the Pd-Pd bonds and the smaller sum of coordination number of the Pd-Pd and Pd-Ni bonds suggest that small Pd clusters or islands are formed near the surface in the bimetallic particles.
Difference between Pd and Pt on the bimetallic catalysts
High catalyst temperature at the bed inlet has been observed over Ni catalysts in oxidative steam reforming of methane [4] [5] [6] . This phenomenon is explainable by the separation of combustion and reforming reaction zones. In contrast, the modification of Ni particles with noble metals such as Pd and Pt has been reported to be effective for the suppressing of the temperature gradient and hot-spot formation [7] [8] [9] [10] [11] [12] . This effect can be related to the oxygen affinity of Pd and Pt being much lower than that of Ni [34] . The intimate interaction of Ni with noble metal atoms enables the maintenance of the metallic state of Ni even in the presence of gas-phase oxygen, and the reforming reactions can proceed even in the catalyst bed inlet, along with the combustion reaction. The overlap between the endothermic and the exothermic reaction zones can give flatter catalyst bed temperature and can suppress hot-spot formation.
On the monometallic Ni catalysts, the highest bed temperature in the oxidative steam reforming of methane slightly increased with increasing metal particle size, probably because of higher combustion activity on larger particles. On the other hand, the addition of Pd and Pt by co-impregnation method was also effective for the suppression of the hot-spot formation. One reason is to decrease the average particle size. The other is to suppress the oxidation of Ni and to overlap the reaction zones. An interesting point is that Pd is comparable or superior to Pt in the positive effect, although the monometallic Pd catalyst showed higher combustion activity and lower reforming activity than the monometallic Pt catalyst. The results of the monometallic catalysts suggest that Pt is a much more suitable modifier than Pd.
Unlike the monometallic Pd catalyst, the combustion activity of Pd(C, 0.2)+Ni(N, 10.6) can not be so high. This property is caused by very small Pd clusters or surface islands on the bimetallic particles. If the high combustion activity of Pd itself can be suppressed, Pd can be an effective additive because of low oxygen affinity and high reducibility. In addition, the coordination number ratio of the M-M bond to the M-Ni bond (M = Pd, Pt) in the EXAFS analysis can represent the interaction of M with Ni and the solubility of M to Ni. Strong interaction of Pt with Ni and high solubility of Pt to Ni can decrease the surface concentration of Pt on the bimetallic particles. The opposite property of Pd can increase the surface concentration of Pd to some extent, which can make Pd an excellent modifier in the oxidative steam reforming. Pd+Ni catalysts prepared by a co-impregnation method was more effective in the suppression of hot-spot formation than Pd/Ni catalysts prepared by two sequential impregnation methods and monometallic Ni catalysts. Another interesting point is that the Pd+Ni catalysts were more effective than the Pt+Ni catalysts prepared by a similar co-impregnation method, although monometallic Pd catalysts are inferior to monometallic Pt catalysts in oxidative steam reforming of methane. 2. Based on the characterization by the amount of H 2 adsorption and TEM observation, the highest bed temperature in oxidative steam reforming of methane tends to become higher on the catalysts with larger average metal particle size. In addition, it is concluded that Pd addition is effective for the suppression of temperature increases at the catalyst bed inlet over almost all the Pd-Ni catalysts judging from a comparison with a monometallic Ni catalyst with similar metal particle size. The additive effect of Pd has two aspects: one is that the addition of Pd by the co-impregnation method decreased average metal particle size, and the other is surface modification effect with Pd. 3. The suppression of hot-spot formation in the oxidative steam reforming of methane can be brought about by the enhancement of the reducibility with surface noble metal atoms, thereby causing the overlap between the combustion and the reforming reaction zones. The Pd+Ni catalyst was better than the Pt+Ni catalyst in terms of the suppression of hot-spot formation.
Based on the EXAFS analysis, we suggest that the added Pd atoms form small clusters or islands on the bimetallic particle surface, which can be related to surface concentration of Pd being higher than that of Pt. 
